across the surf zone, which acts as a semi-permeable barrier to larval recruitment (Rilov et al. 2008 , Shanks et al. 2010 , is not well understood. Most invertebrate larvae are slow swimmers (Mileikovsky 1973 , Chia et al. 1984 ) that depend on water currents and other physical forcing during their onshore migration; however, at spatial scales smaller than the
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Vertical migration of larvae interacts with crossshelf currents controlled by various mechanisms (e.g. upwelling/downwelling, tidal currents, wind-driven currents) that affect horizontal distributions of larvae and may facilitate larval transport to shore for settlement (Queiroga & Blanton 2004) . Larvae of some intertidal invertebrate species behave as passive particles and sink to the bottom in turbulence (Denny & Shibata 1989 , Butman 1990 , Fuchs et al. 2004 , Roy et al. 2012 ; oyster larvae (Crassostrea virginica) even actively move downward in turbulence (Fuchs et al. 2013) . These behaviors could enhance settlement success when bottom currents are directed shoreward. Moreover, a numerical model of delivery of larvae to the surf zone on a mildly sloping beach showed that vertical movement of larvae driven by buoyancy and a turbulent-dependent sinking behavior may be important for onshore larval transport (Fujimura et al. 2014) .
In addition to the vertical motion of larvae as a critical biological forcing, Fujimura et al. (2014) demonstrated that 2 physical processes were essential for successful larval delivery to the surf zone: Stokes drift and bottom boundary layer streaming. Their study showed that Stokes drift (Stokes 1847), the wave-related time-averaged volumetric transport in the direction of wave propagation, is necessary to transport larvae toward the surf zone effectively. Socalled streaming is the water flow in the direction of wave propagation induced by wave stress in the wave bottom boundary layer (Longuet-Higgins 1953 ], streaming can enhance delivery of bottomdwelling larvae into the surf zone. On the other hand, offshore currents preventing onshore larval migration occur near the surface when wind forcing is zero and near the bottom during an onshore wind event.
Processes of larval delivery to shore vary with beach morphology. Fujimura et al. (2014) identified possible mechanisms of larval transport at a gently sloping beach with rip channels. Here we examine the effects of physical, biological, and morphological factors on the delivery of competent larvae (ready to settle) to the surf zone of the steep pocket beach at Carmel River State Beach (CRSB) by using a biophysical numerical model based on Fujimura et al. (2014) . Because of its steepness and alongshore variability, the mechanism of larval transport at CRSB should differ from that of the gently sloping ripchanneled beach as shown in Morgan et al. (2016) . In terms of beach slopes, recruitment is higher at gently sloping beaches than at steep beaches (Shanks et al. 2010 , which is probably due to differential cross-shore water exchange. Studies on surf zone hydrodynamics at gently sloping beaches have been performed by models (e.g. Reniers et al. 2010 ) and field measurements (e.g. MacMahan et al. 2010) ; however, hydrodynamics and associated cross-shore exchange at steep beaches are poorly understood. This modeling study includes some characteristics of waves and currents at the steep beach with mild alongshore variability.
An accompanying field study (Shanks et al. 2015) showed that competent larvae and detritus were at times more concentrated in the surf zone than offshore, while holoplankton and precompetent larvae were found at much lower concentrations in the surf zone than offshore. Since the concentration of detritus was significantly correlated with concentrations of competent larvae in the surf zone at CRSB, there is probably a common mechanism of onshore delivery of detritus and competent larvae at this beach, and therefore transport of detritus was simulated here as well. Shanks et al. (2015) also revealed that concentrations of detritus and competent larvae within the surf zone were negatively correlated with wave height, and so we also examine the effect of wave height on these concentrations.
MATERIALS AND METHODS

Field data
Physical data were collected at CRSB (36°32'18" N, 121°55' 43" W), California, in June and July 2011 (Fig. 1A) . The surf zone at CRSB is very narrow [O(10) m]. Acoustic Doppler current profilers (ADCPs) were deployed to obtain wave height, period, and angle data for model input. Bathymetric data used for the model grid were collected with a personal watercraft and kayak equipped with an echo sounder and a GPS. The dry beach and intertidal areas were mapped by walking with a GPS backpack. The small river mouth behind the beach was closed most of the time during the survey period, and the presence of the ephemeral river was ignored in the model.
Hydrodynamic model
For the 3-dimensional hydrodynamic model simulations of the nearshore, we used the computational fluid dynamics software Delft3D (Deltares 2011a,b) including wave−current interaction and Stokes drift in all model cases.
The model domain spanned 1250 m in the alongshore direction and 600 m in the cross-shore direction, and the depth was based on the collected bathymetry data (Fig. 1B) . The beach profile at Y = 0 m, along which the ADCPs were deployed, consisted of a 1/7.6 subaerial beach slope, 1/3 subaqueous beach step, and 1/19 subaqueous beach profile. The model mesh scheme was a regular grid (hexahedral cells) with grid spacing of 10 m along the beach, approximately 5 to 10 m in the cross-shore with the finest spacing at the shoreline, and 14 σ-layers representing the depth with a fine mesh near the bed to resolve bottom boundary layer streaming. Cross-shore reflections were controlled by an offshore Riemann boundary, which is a weakly reflective open boundary, and alongshore reflections were suppressed by a weakly reflective water level boundary to the south, while the north side was a closed boundary. Prior to running the larval transport model (details in next subsection), we omitted 50 m of the northern and 300 m of the southern ends to eliminate potentially adversely affected boundary currents. A k−ε closure scheme was used for modeling turbulence by solving turbulent kinetic energy (k) and energy dissipation rate (ε). Oblique waves with 0.4 m RMS wave height (H rms ) and 9.45 s peak wave period, based on the average wave data during the survey period in the summer of 2011, were generated at the offshore boundary. Wave angles did not vary widely during the survey period, so the time-averaged wave angle (θ = 36° relative to true north) was used (Fig. 1B) . In addition, H rms values of 0.2 and 0.8 m, corresponding to approximately the lowest and the highest H rms observed during the field survey, respectively, were also applied to investigate the effect of wave height on concentrations of detritus and larvae in the surf zone. Imposing either no wind or 8.0 m s −1 constant onshore wind tested the effect of wind stress. Offshore winds were ignored because they were rare and weak during our field campaign.
The model was idealized to show a typical larval transport pattern at CRSB using settings following Fujimura et al. (2014) . The duration of a model run was 48 h with a time step of 3 s and an output interval of 6 s. It was confirmed by monitoring horizontal velocities that all model cases converged within several hours, but we conservatively set the first 24 h as a spin-up stage, and only the second 24 h simulation output was used for a larval transport simulation. Stratification, tides, and diurnal wind stresses may add more temporal variability of crossshore larval transport; however, we did not include these variables because our aim was to show the essential forcing for onshore larval transport
Larval transport model
An individual-based model with the same Lagrangian transport equations as those used by Fujimura et al. (2014) was applied. A random walk coupled with eddy diffusivities from the hydrodynamic model was included to account for subgrid-scale turbulence. The earlier model also suggested that another essential part of the transport mechanism is turbulence-dependent sinking behavior (Fujimura et al. 2014) , where competent larvae stop swimming and sink to the bottom at −10 −2 m s −1 by their own body weight when the turbulent energy dissipation rate is greater than 10 −5 m 2 s −3 (Fuchs et al. 2004 ). Note that turbulent dissipation rates exceeding this threshold occur almost everywhere in the surf zone and within the bottom boundary layer. is indicated by the white arrow Each individual particle was assigned a vertical velocity (w), either −10 −3 m s −1 or 4 × 10 −3 m s −1 , which represent buoyancy or vertical swimming speed of a competent larva (Fuchs et al. 2004) , or −2.5 × 10 −3 m s −1 , the average sinking velocity of detritus (Shanks et al. 2015) . No active horizontal swimming behavior was considered here. In the 24 h simulation time, 637 particles equally distributed alongshore (ΔY = 10 m) or cross-shore (ΔX = 2.5 m) were released every hour either from offshore (X = 550 m), closer to the shore (X = 350 m), or the north (Y = 350 m). Negatively buoyant particles (detritus and bottom-dwelling larvae) were released near the bottom, and positively buoyant particles (floating larvae) were released near the water surface. The general flow pattern for each physical case was assumed to be stable because wave conditions did not dramatically change and eddies were not observed near model boundary areas during the field survey. Thus, offshore and lateral sides were set as outlet boundaries, i.e. once a particle exits the model domain, it was not taken into account any more. The first 12 h run (24 to 36 h of the hydrodynamic model) was used as a spin-up stage for initialization with particles released every hour, and only the simulation from 12 to 24 h (36 to 48 h of the hydrodynamic model) was used to calculate the time-averaged number of particles per grid cell. The model cases and parameters are summarized in Table 1 . Each case name describes a test condition: W if onshore wind is included; S if sinking behavior is included; −, +, and D corresponding to negatively and positively buoyant larvae and negatively buoyant detritus, respectively. For example, Case 1.S− consists of negatively buoyant larvae with sinking behavior that were released during a no wind event.
RESULTS
No wind case
Depth-and time-averaged particle concentrations for the 12 no wind cases are shown in Fig. 2 . Particles released at X = 550 m (Cases 1.S−, 2.S+, 3.−, and 4.D) collected in patches outside the surf zone, but only O(0.01)% of released particles entered the surf zone. O(1)% of particles released at X = 350 m (Cases 5.S−, 6.S+, 7.−, and 8.D) reached the surf zone. The differences in particle concentrations within the surf zone between the 2 different initial release locations (X = 550 and 350 m) are due to differences in flow patterns between the 2 release locations ( Fig. 2A−H) .
Particles released at X = 550 m had a higher probability of exiting the domain by alongshore flows (Fig. 3) before they got to the surf zone edge, suggesting that the influx of particles from the lateral boundaries can be important (Fig. 2I−L) .
Water flow circulated in the cove around (X,Y) = (100 m, 200 m) and continued as an alongshore current up to about Y = −150 m (Fig. 3 ) consistent with dye observations at the same location (J. A. Brown et al. unpubl.) . The alongshore current was separated from shore and formed an eddy at (X,Y) = (150 m, −150 m). There was a relationship between the particle patch distributions of Case 5.S− and the bottom current pattern rather than the surface current as expected for sinking particles (Fig. 3) . Particles trapped by eddies resulted in high-concentration patches. Some particle patch locations were common among the model cases (Fig. 2 ) associated with underlying flow patterns (Fig. 3) . . Release location is initial cross-shore (X) or alongshore (Y ) position of particles. Sinking is turbulence-dependent sinking behavior of larvae, included (on) or not (off). w is vertical velocity of particles. Each case name describes a test condition: W if onshore wind is included; S if the sinking behavior is included; + and − correspond to positive and negative buoyancy of larvae, respectively; and D is detritus, which is also negatively buoyant Onshore wind case Fig. 4 shows the depth-and time-averaged particle densities for the onshore wind case at CRSB. Ne gatively buoyant particles with sinking behavior and detritus released at X = 550 and 350 m (Cases 13.WS−, 16.WD, 17.WS−, and 20.WD) did not enter the surf zone. The wind-driven surface currents altered the bottom currents from onshore to offshore (Fig. 5A) , and the particles were thus flushed offshore.
Similar to the no wind case, water flow circulated in the cove first, formed an alongshore current, and then detached from the shore (Fig. 5) . The flow eventually formed a large eddy at (X,Y) = (250 m, 0 m), but particles were not associated with this eddy.
Sinking behavior might not be important for floating particles to settle. Unlike negatively buoyant particles in the no wind case, positively buoyant particles reached the surf zone regardless of sinking behavior. This was mainly because the alongshore current carried more floating particles (Case 23.W+) than sinking particles (Case 22.WS+). Note that the focus is on particles within the surf zone; particles concentrated from Y = 200 to −100 m were outside the surf zone. Positively buoyant particles with sinking behavior tended to disperse and stayed in the north (Fig. 4J) (Fig. 5) . Particle patches in this region were also related to eddies.
Effect of wave height
Lower and higher wave heights were applied to Cases 5.S−, 8.D, and 18.WS+, which represent successful onshore transport patterns (Fig. 6) . Note that the width of the surf zone narrowed or widened as surf zone wave height became smaller with H rms = 0.2 m or larger with H rms = 0.8 m, respectively. Currents were weak and several small eddies [O(10) m] were formed very close to the shore in the case with H rms = 0.2 m, which led to relatively high concen trations of particles in the surf zone (Fig. 7A,B) . Higher waves (H rms = 0.8 m) produced fewer eddies [O(100) m] and stronger currents that flushed most of the particles from the domain through the southern boundary (Fig. 7C,D) .
Adding onshore wind changed the flow patterns, as a few eddies can be seen outside the surf zone, and the large eddy seen in the medium wave height case (Fig. 5B ) lost its shape under the low wave condition (Fig. 7B) . Directions of the surface currents in the high wave regime were along with the direction of wave propagation rather than wind (Fig. 7D) , and thus the effect of onshore wind on the surface seemed to be smaller in the high wave case than the other cases.
Concentrations of modeled larvae (Cases 5.S− and 18.WS+) and detritus (Case 8.D) in the surf zone with alongshore range of Y = ±100 m were negatively correlated with wave height ( 
DISCUSSION
Results of the simulations with larvae released offshore showed that negatively buoyant larvae were carried onshore by bottom currents, while positively buoyant larvae were transported onshore by wind-driven surface currents, which is consistent with Fuji mura et al. (2014); however, the alongshore current and associated eddies also played important roles in the distribution of larvae at CRSB. Thus, larvae were also released from upstream of the alongshore current (i.e. north). It appeared that larvae were transported by the alongshore current and trapped by eddies, owing to an interaction between the current and shore, forming patches of larvae. Wave height changed both the size and location of eddies as well as general flow directions; hence, it is also an important factor in larval transport. The concentration of detritus was correlated with the concentration of negatively buoyant particles, and this result is also consistent with the field study (Shanks et al. 2015) . Detritus thus can be used as a supplemental tool to track competent larvae (e.g. barnacle cyprids) and detritusassociated organisms (e.g. harp acticoid copepods), whereas plank ton may move either upward or downward (Mileikovsky 1973 , Chia et al. 1984 . Navarrete et al. (2015) suggested that competent mussel larvae, which are dense and tend to sink to the bottom, can be transported onshore through the surf zone by bottom currents (i.e. streaming). Their proposed mechanism is consistent with our model cases showing that negatively buoyant particles were transported via streaming under the no wind condition. Organisms near the surface or in the upper water column probably reach the shore when the onshore wind is strong enough.
To investigate further transport and distribution patterns of each taxa, it might be necessary to collect data of vertical distributions of target organisms and their characteristics, especially buoyancies, as well as correlations with local wave and wind data. Smaller wave heights enable competent larvae and detritus to enter the surf zone, as the field data show (Shanks et al. 2015) , whereas higher waves flushed the particles via the strong alongshore current. Note that the settlement of larvae should be more easily accomplished with smaller waves, not only because of the high rate of onshore transport, but also because the low energy and low turbulence may enable them to settle on a substrate.
Other possible physical factors influencing cross-shore exchange that were not included in the current model are the breaking wave roller and wave reflection. Breakinginduced rollers can entrain some particles and carry them to the shore, thereby contributing to onshore particle transport (Feddersen 2007 , Reniers et al. 2013 ). This study focused on the mechanisms enabling larvae to enter the surf zone, but larvae may use additional forcing at the final moment to settle in the intertidal zone. The other wave characteristic ignored in our model is wave reflection, which is high at steep beaches (Battjes 1974) . Ac cording to the field study by Shanks et al. (2015) , approximately 30% of wave energy was reflected offshore in our cases; how- ever, the reflection did not largely affect the mean flow for onshore particle transport. Our results on particle concentrations in side and outside the surf zone are consistent with Shanks et al. (2015) , suggesting that the effects of these factors could be negligible in our cases. We found common particle transport patterns among cases when particles entered the surf zone for both wind regimes. Particles concentrated on the middle part of the shore were largely affected by the alongshore current. While particles were distributed by the alongshore current, nearshore eddies accumulated these particles, resulting in high particle concentration patches. Negatively buoyant particles that reached the northern shore were delivered by bottom boundary layer streaming, and positively buoyant particles that reached the northern and the southern shores were carried by wind-driven surface currents. These are similar to the transport mechanisms in the previous model application at a gently sloping rip-channeled beach (Fujimura et al. 2014 ).
As we mentioned, offshore wind was ignored because it was weak and rare during the fieldwork, and even if a fairly strong offshore wind blows, we expect that current patterns affecting larval transport would be similar to the no wind case with enhanced streaming due to wind-driven offshore currents. Nonetheless, the nearshore eddies might shift slightly offshore, and distribution patterns of particles would probably differ from the performed model cases.
Effects of particle buoyancy and sinking behavior for ingress into the surf zone at CRSB without wind forcing seemed to be less important than in the model cases with the same conditions at the gently sloping rip-channeled beach simulated by Fujimura et al. (2014) . The rate of particles entering the surf zone at CRSB was much lower than that at the gently sloping rip-channeled beach, consistent with related field data and simulations (Morgan et al. 2016 . Our result is also consistent with the previous finding that recruitment of intertidal invertebrate larvae was higher at more dissipative than at more reflective beaches (Shanks et al. 2010 . However, differences between these 2 beaches are not limited to slopes, as these beaches both have alongshore variability at different scales. CRSB is a pocket beach and the headlands span O(1000) m, whereas the gent ly sloping beach has rip channels spacing at O(100) m. The complexity of these beaches needs to be decomposed into beach steepness and alongshore variability to definitively establish that rates of larval delivery are higher at more dissipative than at more reflective surf zones. Alongshore variability may increase larval retention rates inside the surf zone by enhancing the formation of eddies, which is discussed below.
CRSB is a steep pocket beach with oblique waves, resulting in a southward alongshore current that eventually disconnects from the surf zone to form an offshore flow. The alongshore current is accompanied by an onshore flow further to the south. Onshore migrating particles initially followed these main currents and then were trapped by local eddies, eventually forming high-concentration patches. Smaller eddies formed closer to shore with smaller waves, resulting in high larval and detrital concentrations in the surf zone. In contrast, larger waves induced larger and fewer eddies predominantly outside the surf zone, and consequently far fewer larvae and detritus particles entered and stayed in the surf zone. Larvae trapped by eddies in a more dissipative surf zone were also modeled by Fujimura et al. (2014) , although the eddies were formed by rip channels. Likewise, the rip current eddies accumulate phytoplankton, leading to high cell concentrations in the surf zone (Talbot & Bate 1987) . Furthermore, MacMahan et al. (2010) observed the surf zone eddies retained a majority of released drifters, indicating those eddies may contribute to high concentrations of dispersing materials in the surf zone. Larval concentrations in the surf zone were reduced with larger waves, consistent with Shanks et al. (2015) , due to the strong alongshore current as mentioned earlier in this section. Additionally, the eddies formed by large waves are outside the surf zone, concentrating larvae away from the surf zone. Larvae may generally tend to reach shore for settlement during small wave events, but studies at other shores are required to confirm this hypothesis.
